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ABSTRACT
Objective: Metabolic diseases are an increasing problem in society with the brain-metabolic axis as a master regulator of the human body for
sustaining homeostasis under metabolic stress. However, metabolic inflammation and disease will trigger sustained activation of the
hypothalamic-pituitary-adrenal axis. In this study, we investigated the role of metabolic stress on progenitor cells in the hypothalamic-pituitary-
adrenal axis.
Methods: In vitro, we applied insulin and leptin to murine progenitor cells isolated from the pituitary and adrenal cortex and examined the role of
these hormones on proliferation and differentiation. In vivo, we investigated two different mouse models of metabolic disease, obesity in leptin-
deficient ob/ob mice and obesity achieved via feeding with a high-fat diet.
Results: Insulin was shown to lead to enhanced proliferation and differentiation of both pituitary and adrenocortical progenitors. No alterations in
the progenitors were noted in our chronic metabolic stress models. However, hyperactivation of the hypothalamic-pituitary-adrenal axis was
observed and the expression of the appetite-regulating genes Npy and Agrp changed in both the hypothalamus and adrenal.
Conclusions: It is well-known that chronic stress and stress hormones such as glucocorticoids can induce metabolic changes including obesity
and diabetes. In this article, we show for the first time that this might be based on an early sensitization of stem cells of the hypothalamic-
pituitary-adrenal axis. Thus, pituitary and adrenal progenitor cells exposed to high levels of insulin are metabolically primed to a hyper-
functional state leading to enhanced hormone production. Likewise, obese animals exhibit a hyperactive hypothalamic-pituitary-adrenal axis
leading to adrenal hyperplasia. This might explain how stress in early life can increase the risk for developing metabolic syndrome in adulthood.
 2020 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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1. INTRODUCTION
Metabolic diseases such as obesity, type 2 diabetes (T2D), or meta-
bolic syndrome are major challenges in modern medicine, and psy-
chological stress has been incriminated as a contributing factor [1,2].
Dysregulation of the sympatho-adrenomedullary system and frequent
or chronic stimulation of the hypothalamic-pituitary-adrenal (HPA) axis
have been implicated and may contribute to the current increase in
metabolic disorders [3,4]. Dysfunction of the endocrine stress system
characterized by sustained hyper- or hypoactivity leads to various
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pathological states. Some of these states show features common to
metabolic syndrome such as hypertension, insulin resistance, and
visceral obesity [5]. Furthermore, HPA axis activity and the release of
steroid hormones can be modulated by factors regulating feeding
behavior [6e8].
To regulate body weight, the hypothalamus must interpret and inte-
grate incoming signals such as levels of glucose, free fatty acids, and
amino acids but also hormones such as leptin and insulin from the
adipose tissue and pancreas, respectively. The hypothalamus then
synthesizes and secretes corticotropin-releasing hormone (CRH),
which regulates pituitary adrenocorticotropic hormone (ACTH) secre-
tion, leading to glucocorticoid release from the adrenal cortex [9]. In
addition to this function, CRH in the arcuate nucleus in the hypothal-
amus inhibits neuropeptide Y (NPY) and agouti-related peptide (AgRP)-
expressing neurons [10,11]. These cells stimulate feeding behavior
and suppress energy expenditure, meaning that after acute stress,
appetite is decreased [12,13]. However, chronic stress leads to a
constant elevation of glucocorticoids in the bloodstream, which con-
tributes to visceral fat accumulation and insulin resistance [14].
Furthermore, glucocorticoids act on the hypothalamus to stimulate
appetite by upregulating NPY and AgRP [15e17]. Chronic stress
contributes to an altered energy balance and feeding behavior, leading
to an increased vulnerability to developing metabolic disorders [18e
20].
Glucocorticoids also stimulate the release of leptin, an appetite-
suppressing hormone, from adipose tissue. Glucocorticoids also
reduce the brain’s sensitivity to leptin, contributing to leptin resistance
[21,22]. Conversely, excessive weight gain regulates the release of
various factors, including cytokines, peptides, and neurotransmitters,
which induce adrenal steroid secretion for proper adjustment to ho-
meostatic challenges [6,23,24]. The adrenal and pituitary glands then
undergo remodeling [25,26]. To date, many studies have provided
evidence that epigenetic changes such as DNA methylation and his-
tone modifications, both involving chromatin remodeling, contribute to
fetal metabolic programming. Epigenetic changes in utero due to
impaired supply of nutrients (under- or overnutrition) might lead to
changes in physiology and metabolism in target tissues [27,28]. For
example, epigenetic changes were observed in the genes Pomc
(among others encoding ACTH), Npy, and Lep [29,30]. These epige-
netic changes were also suggested to occur in stem cells [31,32].
Adult stem and progenitor cells exist in different components of the
brain-metabolic axis and are suggested to play an important role in
organ maintenance and plasticity in response to changing neural
stimuli and physiological needs [33e36]. However, the role of adult
stem cells and progenitors in metabolic disease remains unknown. We
recently identified and characterized a subpopulation of Nestin (þ)
adrenocortical progenitors. Under mental stress, centripetal migration
and differentiation into steroidogenic cells are enhanced in these cells
[37,38]. Additionally, in Nestin (þ) cells in the hippocampus, oligo-
dendrogenesis is increased under stress [39]. This suggests that
Nestin (þ) subpopulations in different tissues are remarkably capable
of reacting to physiological needs [40,41]. Therefore, these cells are of
specific interest in our studies.
In this investigation, we examined whether Nestin (þ) cell populations
can be stimulated by factors regulating feeding behavior and thereby
contribute to altered HPA function in metabolic disease. We charac-
terized the effects of metabolic factors on Nestin (þ) cells in both the
adrenal cortex and anterior lobe of the pituitary gland. These cells
show progenitor characteristics and are stimulated by insulin in vitro.
Steroidogenesis and ACTH production in cultures of Nestin (þ) cells
and their descendants are enhanced, strengthening the idea of cell
populations being prone to metabolic stress. Moreover, we show that
different types of stressors regulate hypothalamic and adrenal genes
involved in energy balance, hinting at shared underlying adaptive
stress response mechanisms. This may suggest a uniform and coor-
dinated signature and programming within the entire endocrine stress
axis.
2. MATERIALS AND METHODS
2.1. Animals
The animal research ethics committee of Dresden University of
Technology and the Regional Council of Saxony (Landesdirektion
Sachsen) approved the animal experiments according to institutional
guidelines and German animal welfare regulations. Animal husbandry
was carried out under compliance of the Animals (Scientific Proced-
ures) Act 1986, Home Office license, and King’s College London ethical
review approval. Animal experiments using obese ob/ob mice (both
male and female) were conducted in London, UK. All the other animal
experiments were carried out in Dresden, Germany.
Heterozygous Nestin-GFP transgenic mice [42] with a C57BL/6 N
genetic background were generated as described previously [43]. For
lineage-tracing studies, Nes-CreERT mice [44] (Jackson Laboratory,
stock 012,906) were bred with Rosa26-eYFP mice [45] also with a
C57BL/6 N background. Eight-week-old C57BL/6NRj WT mice were
obtained from Janvier Laboratory.
Female homozygous obese (ob/ob) and heterozygous lean (ob/þ) mice
were obtained from Envigo. Male ob/ob mice and control animals were
obtained from Charles River. Control animals for male ob/obmice were
wild-type animals. Female and male ob/obmice were generated with a
C57Bl/6 J genetic background.
All the mouse colonies were maintained under a 12:12 h light/dark
cycle and fed ad libitum. Unless otherwise stated, the mice were
sacrificed by cervical dislocation.
2.2. Isolation and culture of adrenal cells
Adrenals of 10e15 mice (age 2e5 months, both sexes) per experi-
ment were excised and placed in petri dishes with ice-cold PBS. Fat
tissue surrounding the adrenals was carefully removed and the adrenal
cortex was thoroughly isolated from the medulla. All the cortical tissues
were pooled, pelleted (350g, 5 min), and digested for 20 min at
37 C while shaking (1.8 mg/ml of collagenase, 10 mg/ml of BSA, and
0.18 mg/ml of DNase in PBS, all from SigmaeAldrich). The digestion
was stopped by washing twice in PBS and the cells were resuspended
in 1 ml of high-glucose Dulbecco’s modied Eagle medium (DMEM/F12,
Gibco, Thermo Fisher Scientific) containing 10% fetal bovine serum
(FBS) (Biochrom), 1% antibiotic-antimycotic solution (Gibco, Thermo
Fisher Scientific), 1% L-glutamine (PAA Laboratories), and 20 ng/ml of
basic fibroblast growth factor (bFGF) (SigmaeAldrich). Isolated cells
were cultured in ultra-low-attachment surface plates (Corning) at
37 C in a humidified atmosphere (95% O2, 5% CO2). To induce Cre
recombination in vitro in cells isolated from the Nes-
CreERTþ/-;Rosa26-eYFPþ/þ mice, 1 mM of 4OH-tamoxifen (Sigmae
Aldrich) was added to the culture the first 3 days after isolation.
Stimulation of the adrenocortical cells with 4 mg/ml of insulin (Thermo
Fisher Scientific) or 1 mg/ml of leptin (SigmaeAldrich) started on day 2
and continued throughout the entire experiment.
2.3. Differentiation of adrenocortical cells
To assess in vitro differentiation of isolated adrenal cells, spheroids
(after 7 days of proliferation) were plated into 24-well plates (Corning)
or 8-well chamber plates (ibidi) coated with 1 mg/ml of poly-D-lysine
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(Merck Millipore) and 3 ml/ml of fibronectin (R&D Systems) and
cultured in the absence of bFGF. The medium was replaced with fresh
medium every 2e3 days (containing 4 mg/ml of insulin or 1 mg/ml of
leptin).
2.4. Isolation and culture of pituitary cells
Anterior pituitaries were mechanically dissociated into a single-cell
suspension following incubation in enzyme mix (0.5% w/v collage-
nase [SigmaeAldrich], 0.1 X of TrypsineEDTA [Gibco], and 50 mg/ml
of DNase [SigmaeAldrich] in Hank’s Balanced Salt Solution [HBSS,
Gibco]) for 1.5e2 h at 37 C with frequent agitation. After washing in
HBSS, the cells were resuspended in pituitary stem cell medium
(DMEM-F12 [Gibco] containing 5% fetal bovine serum [Merck], 20 ng/
ml of bFGF [SigmaeAldrich], and 50 ng/ml of cholera toxin [Sigmae
Aldrich]). The medium containing 4 mg/ml of insulin or 1 mg/ml of leptin
was replaced by fresh medium every 2e3 days. After seven days in
culture, adherent colonies were either fixed and permeabilized with
0.5% Triton-X in PBS, washed with PBS, and stained using hema-
toxylin (SAV Liquid Production) for 3 min or used for RNA isolation or
immunofluorescence. Images of plates stained with hematoxylin were
captured using a gel documentation system (PeqLAB).
2.5. Fluorescent-activated cell sorting
After dissociation into a single-cell suspension following washes in
HBSS, anterior pituitary cells were suspended in PBS supplemented
with 1% fetal bovine serum, 25 mM of HEPES (Gibco), and 10 mg/ml of
propidium iodide (PI) (BioLegend). For in vitro proliferation and differ-
entiation of Nestin (þ) pituitary cells alone, GFP(þ) and GFP() cells
from anterior pituitaries of the Nestin-GFP mice were flow sorted on a
FACSAriaII flow cytometer (BD Biosciences) via FACSDiva software
using PI as a live/dead cell marker (Fig. S1). The cells were sorted
directly into pituitary stem cell medium. The cells were transferred to
6-well plates and cultured as previously described.
2.6. Immunofluorescence of cultured cells
Cultured cells were fixed in 4% PFA in PBS for 15 min. After washing in
phosphate-buffered saline (PBS, SigmaeAldrich), blocking buffer (PBS
containing 1% BSA, 0.1% Triton-X, and 5% goat or donkey serum) was
added for 1 h. Blocking buffer was replaced with primary antibody
(Table S1) in PBS containing 1% BSA and 5% goat or donkey serum at
4 C overnight. The next day, the cells were washed in PBS and
secondary antibody (Table S1) diluted in PBS was added for 2 h at
room temperature. After washing with PBS, nuclei were stained with
4ʹ-6-diamidino-2-phenylindole (DAPI, Thermo Fisher Scientific) and
the cells were left in PBS for imaging. SOX2 antibodies were previously
validated [33]. Other antibodies were validated as shown in Figs. S3
and S5.
2.7. Quantitative real-time PCR
Total RNA was isolated using a NucleoSpin RNA Plus XS (Machereye
Nagel) kit and reverse transcription was conducted using the Moloney
MLV Reverse Transcription system (Promega). qRT-PCR was per-
formed using a Light Cycler 1.5 System (Roche) or a CFX Connect Real-
Time PCR Detection System (Bio-Rad) and a SYBR Green RT-PCR kit
according to the manufacturer’s instructions (Qiagen) for all the genes
except Cyp11b1 and Cyp11b2, which were measured using the Light
Cycler Taq Man Master system (Roche Life Science). Primers used are
shown in Table S2. qRT-PCR analyses were conducted in triplicate,
and Ct values were normalized against the internal control gene beta-
actin. Fold differences in expression levels were calculated according
to the comparative Ct method [46].
2.8. Electron microscopy
Adrenocortical cells were cultured on ACLAR foil in 24-well plates and
after differentiation, they were fixed in 2.5% glutaraldehyde in 0.1 M of
phosphate buffer (PB) for 2 h. The cells were then washed in 1%
osmium tetroxide in PB for 1 h. Dehydration in 50%, 70%, 90%, 96%,
and 3  100% EtOH for 10 min each was performed. A mixture of
100% EtOH and Epon mixed 1:1 with propylene oxide was then added
for 2 h. Pure Epon was added followed by polymerization for 48 h at
60 C. For immunostaining, the cells were fixed in 4% para-
formaldehyde in PB followed by dehydration as previously described
and then embedded in LR White. The samples were then incubated
with anti-GFP and subsequently with gold-labeled secondary antibody.
Ultra-thin sections (70 nm) were stained with 2% uranyl acetate for
10 min and 0.4% lead citrate for 5 min and examined at 80 kV using a
CM 10 electron microscope (Philips, Eindhoven, the Netherlands).
2.9. Steroid profiling by liquid chromatography-tandem mass
spectrometry (LC-MS/MS)
The medium of in vitro cultured adrenal cells was changed and after
24 h a conditioned medium sample was collected. Steroid hormones
(aldosterone and corticosterone) were measured by LC-MS/MS as
previously described [47,48]. The steroid levels were quantified by
comparing the ratios of analyte peak areas obtained from the samples
to the respective peak areas of stable isotope-labeled internal standard
calibrators.
2.10. ACTH measurements
The medium of in vitro cultured pituitary cells was changed and after
24 h, a conditioned medium sample was collected. ACTH was
measured using the Immulite 1000 system (Siemens) according to the
manufacturer’s instructions. The assay for measuring ACTH was a
solid-phase two-step sequential chemiluminescence immunoassay
(Siemens Healthineers).
2.11. High-fat diet
Ten-week-old male mice (C57BL/6NRj) were caged in a group of 4
animals per cage and allowed to feed ad libitum on a high-fat diet
(HFD) or normal diet (ND) (60% kcal from fat or 10% kcal from fat,
respectively; D12492 [HFD] and D12450B [ND] Brogaarden, Denmark)
for 12 weeks. Their body weight was recorded twice per week.
Glucose- and insulin-tolerance tests were conducted in weeks 4 and 5,
respectively, as well as in weeks 10 and 11. For glucose- and insulin-
tolerance tests, the animals fasted for 5 h and were injected with 1 g/
kg of BW glucose solution or 0.75 U/kg of BW insulin (Insuman Infusat,
Sanofi) intraperitoneally. After 15, 30, 60, 90, and 120 min, blood
glucose (tail vein) was measured with a blood glucose measuring
device (Accu-Chek Aviva). After killing the animals using cervical
dislocation, adrenal and pituitary glands and hypothalami were
excised. The adrenal glands were cleaned from the surrounding fat
tissue.
Starting at 6 weeks of age, male mice (C57BL/6 J) were fed a HFD or
standard rodent chow for 20 weeks. The HFD (D05031101 M,
Research Diets, New Brunswick, NJ, USA) containing 61.3% kcal from
fat was used as a DIO model. Weekly weight gain and food intake were
monitored. As a standard rodent chow, a V1534 diet (SSNIFF, Soest,
Germany) containing 9.0% kcal from fat was used.
2.12. Immobilization stress
Stress experiments were as previously described [38]. Briefly, 2-
month-old male Nestin-GFP mice were divided into control and
experimental (stress) groups (n ¼ 6 per group). The mice from the
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stress group were placed in individual cages, whereas the control mice
were not disturbed. Two days later, at 9 am, the mice were restrained
in mouse restrainers (Braintree Scientific) for 2 h. This was repeated
over 6 consecutive days. The mice were sacrificed on the last day and
their adrenals and hypothalami were collected for RNA isolation.
2.13. Immunofluorescence of cryosections
Adrenal glands were fixed (4% PFA, 4 h), cryoprotected (30% sucrose
in PBS, 4 C overnight), embedded in TissueeTek Medium (OCT,
Sakura Finetek), and stored at 80 C. Cryosections were sliced to
7 mm thick (Leica CM 1900, Leica Biosystems) and mounted
(Superfrost Plus slides, Thermo Fisher Scientific). The slides were
immunostained using specific antibodies (Table S1) as previously
described. Nuclei were stained with DAPI and the slides were mounted
with fluorescent mounting medium (Aqua-Poly/Mount, Polysciences).
2.14. Immunofluorescence of paraffin sections
Adult pituitaries were fixed for 16e24 h at room temperature in 10%
NBF (Sigma). The samples were dehydrated and stored in 70% ethanol
at 4 C until they embedded. Wax embedding and sectioning were
carried out as previously described [49]. Histological sections of 8 mm
were used throughout. Slides were deparaffinized in Histoclear (Merck)
and rehydrated through a descending graded ethanol series. Antigen
retrieval was performed in citrate retrieval buffer pH 6.0 using a
Decloaking Chamber NXGEN (Menarini Diagnostics) at 110 C for
3 min. For paraffin immunofluorescence, sections were blocked in
blocking buffer (0.15% glycine, 2 mg/ml of BSA, and 0.1% Triton-X in
PBS) with 10% sheep serum (donkey serum for goat SOX2 antibody)
for 1 h at room temperature, followed by incubation with primary
antibody diluted in blocking buffer with 1% serum at 4 C overnight.
Slides were washed in PBST (0.1% Tween 20 in PBS) and incubated
with appropriate biotinylated secondary antibodies or non-biotinylated
secondary antibodies in blocking buffer for 1 h at room temperature.
Slides were washed in PBST. Slides with biotinylated secondary an-
tibodies were incubated with fluorophore-conjugated Streptavidin (Life
Technologies) for 1 h at room temperature together with Hoechst (Life
Technologies). After washing in PBST, slides were mounted with
VectaMount (Vector Laboratories).
2.15. Confocal laser scanning microscopy and fluorescence
microscopy
Confocal imaging was performed with a Leica SP5 microscope and
LAS X software (Leica). Fluorescence microscopy was conducted with
a Zeiss Axiovert 200 M fluorescence microscope, AxioVision software
(Zeiss), and a Zeiss Observer Z.1 brightfield microscope with ApoTome
and Zen 2012 software. Image processing and analysis were carried
out using ImageJ software.
2.16. Zonation analysis
To quantify the adrenal gland’s different zones, 5e6 sections of whole
adrenals were counted per animal (n¼ 3). The number of cells positive
for biotin was related to the adrenocortical cells. The number of cells
positive for RGS4 was related to the zG cells. The remaining cells were
assumed to be adrenomedullary cells. Cell numbers of different zones
in each section were counted and analyzed as the proportion of the
total number of all of the cells in each section.
2.17. Statistical analysis
Statistical analysis was performed using GraphPad Prism version 5.01
(GraphPad Software Inc.), and statistical significance was determined
using one-way or two-way ANOVA followed by a Bonferroni multiple
comparison test correction where appropriate. Unpaired two-tailed
Student’s t-test was used when only two means were compared.
The significance was defined as: not significant (ns) P > 0.05,
*P < 0.05, **P < 0.01, and ***P < 0.001.
3. RESULTS
3.1. In vitro differentiation of adrenal progenitors was influenced by
insulin
Nestin (þ) progenitors are present in both the adrenal medulla and
cortex. In the adrenal cortex, Nestin (þ) progenitors with long pro-
cesses are mainly located in the capsule or subcapsular region of the
adrenal gland (Figure 1A) [38]. We recently showed that Nestin (þ)
progenitor cells isolated from the adrenal cortex can be cultured and
differentiated in vitro. Furthermore, descendants of these progenitors
are influenced by exposure to Angiotensin II and ACTH [38]. Thus, we
isolated adrenocortical cells from Nestin-GFP mice to investigate their
reactivity to metabolic challenges. We cultured the cells in vitro with or
without insulin or leptin. Cultures formed spheroids and were treated
for 7 days under proliferative non-adherent conditions (Fig. S2A).
Leptin- and insulin-treated spheroids did not show any changes in the
expression of Nes (Nestin) compared to control cultures (Figure 1B).
However, the expression of Nr0b1 (gene encoding DAX1) increased in
the insulin-treated culture, whereas the expression of the stem cell
marker Gli1 and progenitor marker Shh was unchanged (Figure 1B).
3.2. Steroidogenesis was enhanced by insulin
We next sought to investigate whether insulin or leptin treatment af-
fects adrenocortical differentiation. After 7 days under proliferative
conditions with treatment, culture conditions were changed to induce
differentiation (Fig. S2B). Treatment with leptin or insulin continued
during differentiation. Differentiated adrenocortical cells contained
numerous lipid droplets and mitochondria typical of steroid-producing
cells of the zona glomerulosa (zG) as observed by electron microscopy
(Figure 1D). Co-stimulation of the cells with insulin during 7 days of
differentiation led to increased expression of 11b-hydroxylase
(Cyp11b1), Cyp11a1, and Nr5a1 (gene encoding SF1). Leptin treat-
ment had no effect on the expression of differentiation markers
compared to the control (Figure 1C).
Samples of the media from the differentiation cultures were collected
over 16 days and steroids were measured. After 6 days of differenti-
ation, the amounts of 11-desoxycorticosterone and corticosterone
significantly increased in cultures treated with insulin compared to
control cells (Figure 1E). On day 9, the amount of aldosterone was
significantly increased in the cultures treated with insulin compared to
the control, suggesting enhanced differentiation into zG cells
(Figure 1F). Aldosterone levels remained high until day 13 before the
concentration decreased. Leptin-stimulated cultures did not differ
significantly from controls.
We next investigated whether Nestin (þ) cells treated with insulin
preferentially differentiate into cells in the zG or zona fasciculata (zF).
We isolated adrenocortical cells from Nes-CreERT;Rosa26-eYFP mice
and treated them with 4OH-tamoxifen over 3 days to induce recom-
bination in Nestin-expressing cells. Descendants of recombined Nestin
(þ) cells maintained the expression of eYFP irrespective of Nestin
expression, allowing lineage tracing of Nestin (þ) cells. After further 7
days in proliferative conditions with treatment, the culture conditions
were changed to induce differentiation. After 7 days in differentiation
conditions, cells were fixed and immunostained for the zG marker
RGS4 [50]. The percentage of cells double positive for YFP and RGS4
was significantly increased in the insulin-treated culture. In leptin-
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treated cultures, we did not observe any significant changes
(Figure 1G,H and Fig. S3). The increase in YFP and RGS4 double-
positive cells was recorded on day 7 of differentiation. However, 6
days later, a massive increase in aldosterone production occurred. This
might have resulted from a simultaneous exponential growth of
YFP(þ)/RGS4 (þ) cells and further amplified aldosterone production.
These results indicated that under basal conditions, adrenocortical
Nestin (þ) cells were primarily non-committed and slowly differenti-
ated into aldosterone- (zG) and corticosterone-producing (zF) cells.
Conversely, high levels of insulin led to enhanced differentiation,
particularly into zG cells, accompanied by higher steroid secretion. Not
all the RGS4 (þ) cells were positive for YFP. Therefore, it must be
considered that absolute recombination was not achieved or that other
stem/progenitor cells were also able to differentiate into RGS4 (þ)
cells.
3.3. Differentiation of pituitary stem cells was enhanced by insulin
As metabolic stress is known to influence the entire HPA axis, we also
characterized pituitary progenitors in the presence of leptin or insulin.
Bona fide stem cells from the post-natal pituitary gland express SOX2
[33], and a proportion of these co-express Nestin (Figure 2A) [51]. Data
on the role of Nestin (þ) cells in the anterior pituitary are inconclusive.
We isolated these cells from Nestin-GFP animals by fluorescence-
activated cell sorting (FACS) and cultured them in vitro under clono-
genic stem/progenitor-promoting conditions, which only allow un-
committed cells to survive [52]. The cells were cultured in the presence
of insulin (4 mg/ml ¼w690 nM) or leptin (1 mg/ml) for 7 days. In the
presence of insulin, pituitary progenitors formed larger cell colonies
than control cultures, suggesting increased proliferation of these cells
(Figure 2B and Figs. S4AeC). No difference in the number of colonies
generated was observed between the cultures. To test concentrations
of insulin and leptin closer to physiological levels, we isolated cells
from the anterior pituitary of WT mice and cultured them in vitro in
medium containing different concentrations of insulin and leptin. We
did not observe any significant differences in the number of colonies
(Fig. S4D). A tendency toward larger colonies at the highest concen-
trations of insulin (100 nM) and leptin (100 ng/ml) was observed, but
was not statistically significant (Fig. S4E).
Figure 1: Insulin affects Nestin(D) adrenocortical progenitors in vitro. (A) Under basal conditions Nestin-GFP(þ) cortical cells are mostly located in the adrenal capsule. Scale
bar, 100 mm. (B) qRT-PCR showing the relative expression of various stem cell/progenitor markers on day 6 of proliferation and (C) steroidogenic markers on day 6 of differentiation
in in vitro cultures of adrenocortical progenitors. P ¼ 0.0410, 0.0152, 0.0236, and 0.0364 for Nr0b1, Nr5a1, Cyp11a1, and Cyp11b1 expression for insulin vs control. Data were
analyzed by unpaired two-sided t-tests. (D) EM image showing a control cell on day 7 of differentiation. (E) Corticosterone and (F) aldosterone levels in the media measured by LC-
MS/MS. Data were analyzed by two-way ANOVA and Bonferroni’s post-test. (G and H) Tracing of Nestin (þ) cells isolated from Nes-CreERTþ/-;Rosa26-eYFPþ/þ mice, in which
recombination was induced in vitro. After differentiation for 7 days, cells were immunostained for RGS4 marking zG cells. Double-positive cells are indicated with arrows.
P ¼ 0.0054 for insulin for RGS4 (þ) vs RGS4 (). Data were analyzed by unpaired two-sided t-tests. Representative images are shown. Scale bars, 100 mm. Data in B, C, E, F, and
H are presented as mean  SEM (n  3, biological replicates). *P < 0.05, **P < 0.01, and ***P < 0.001.
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Figure 2: Insulin affects Nestin(D) progenitors from the anterior pituitary in vitro. (A) Nestin-GFP(þ) cells in the anterior lobe of the pituitary gland. Arrows indicate cells
double positive for Nestin-GFP and SOX2 in the marginal cell layer. Scale bar, 100 mm. (B) Pituitary Nestin-GFP(þ) cells were isolated from the anterior lobe, FACS sorted (1,500
cells/well), and cultured in stem cell supporting media for 30 days. P ¼ 0.0494 for day 8 for insulin vs control. Data were analyzed by unpaired two-sided t-tests. (C) ACTH content
in the media of FACS-sorted Nestin-GFP(þ) anterior pituitary cells. (D) CRHR1 immunostaining of FACS-sorted Nestin-GFP(þ) anterior pituitary cells 7 days after plating in colony-
forming conditions. Scale bar, 100 mm. Data in C are presented as mean  SEM (n ¼ 3, biological replicates). *P < 0.05.
Figure 3: Leptin-deficiency induces changes in the endocrine stress axis in 8-week-old female ob/ob mice. (A) qRT-PCR analysis showing the relative expression of
various stem cell markers and (B) steroidogenic markers plus ACTH receptor in the adrenal gland. P ¼ 0.0206, 0.0467, and 0.0267 for Star, Cyp11a1, and Cyp11b2 expression for
ob/ob vs control. Data were analyzed by unpaired two-sided t-tests. (C) qRT-PCR analysis showing the relative expression of Crh in the hypothalamus. P ¼ 0.0021 for Crh
expression for ob/ob vs control. Data were analyzed by unpaired two-sided t-tests. (D) Zonation analysis showing the adrenal proportion of zG, zF, and adrenal medulla. (E) Nestin
(þ) cells migrate and differentiate into StAR (þ) cells. Arrow indicates cell double positive for Nestin and StAR. (Scale bar, 20 mm). (F) Immunostaining of SOX2 and Ki67 in the
anterior pituitary and (G) quantification of Ki67(þ) cells. Scale bars, 100 mm. Representative images are shown. Data in A-D and G are presented as mean  SEM (n ¼ 6, biological
replicates). *P < 0.05 and **P < 0.01.
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Since ACTH is the anterior pituitary hormone with the highest impact
on HPA function, we tested for the presence of ACTH in the media.
Significantly higher ACTH levels were measured in the insulin-treated
cultures on day 8 (Figure 2C). In the cultures, we examined the
expression of the CRH receptor, CRHR1, which is mainly expressed by
ACTH-producing cells and a subset of lactotropic cells. We found that
CRHR1 (þ) cells did not overlap with Nestin-GFP(þ) cells, indicating
that pituitary Nestin (þ) cells were uncommitted (Figure 2D and
Fig. S5A). These results indicated that high levels of insulin may lead to
an enhanced differentiation into particular ACTH-producing cells and/or
that ACTH production accelerates in descendants of pituitary Nestin
(þ) cells.
3.4. The endocrine stress axis changed in obese diabetic (ob/ob)
mice
Since we observed insulin’s influence on the growth and differentiation
potential of stem/progenitor cells in the pituitary and adrenal glands
in vitro, we characterized HPA progenitors in an in vivo model of
metabolic stress. To elucidate adaptive mechanisms of HPA axis
components in various developmental stages and degrees of metabolic
syndrome, we analyzed both young and old leptin-deficient ob/ob mice
in a progressive obesity model. Taking into account that hyperactivity
of the HPA axis appears to be most pronounced in female ob/ob mice
[53], we studied the influence of an early induction of metabolic stress
in female mice. We monitored female ob/ob mice for 8 weeks. Ten-
month old ob/ob males were used to study older mice in a more se-
vere chronic stress protocol. In both models, the weight of the obese
mice doubled relative to controls (Fig. S7A).
In the adrenals of 8-week-old female ob/ob mice, gene expression of
the stem cell/progenitor markers Nes, Nr0b1, Shh, and Gli1 was un-
changed compared to heterozygous ob/þ control mice (Figure 3A).
These observations were similar to results obtained in a 12-week pre-
diabetic HFD mouse model (Fig. S6A and DeE), where the expression
of stem/progenitor cell markers was unchanged in the adrenal cortex
(Fig. S6B). In the ob/ob mice, the expression of steroidogenic markers
Star, Cyp11a1, and Cyp11b2 significantly increased, whereas the
mRNA levels of Nr5a1, Cyp11b1, Rgs4, andMc2r were not significantly
altered (Fig. 3B). Similar to the HFD mouse model, the expression of
Crh in the hypothalamus significantly decreased (Figure 3C and
Fig. S6C). These results indicated that leptin deficiency can lead to a
higher expression of steroidogenic genes and enzymes in the adrenal
gland relative to controls.
3.5. Adrenal gland morphology was retained in young female ob/ob
mice
Studies revealed that adrenal gland weight increases in metabolic
syndrome models [54]. To examine if an enlargement of the adrenal
results in an increase in the relative size of the zG, zF, or adrenal
medulla, we measured the proportion of each zone represented in the
adrenal gland. To mark the zG cells, we carried out immunofluores-
cence staining for RGS4 and used biotin as a marker for the total cortex
[55]. Each zone was measured in relation to the total amount of ad-
renal cells, showing no significant difference in the relative size be-
tween ob/ob mice and controls (Figure 3D and Fig. S7B).
3.6. Adrenocortical Nestin(þ) cells differentiated into steroidogenic
cells in ob/ob mice
We previously showed that under exposure to restraint stress, capsular
Nestin (þ) cells migrate centripetally from the adrenal capsule toward
the adreno-medullary boundary, becoming positive for the steroido-
genic markers StAR, CYP11A1, and CYP11B2 [38]. To determine if our
chronic metabolic stress protocol also induced differentiation in Nestin
(þ) cells, we performed immunofluorescence on adrenal sections of
young female obese mice. The detection of the migration of Nestin (þ)
cells was limited due to the narrow time frame of the actual differ-
entiation process and because the expression of Nestin was lost during
differentiation [40]. However, in vitro we noticed that after differenti-
ation, some StAR (þ) cells remained positive for Nestin (Fig. S5B).
Similarly, we noticed a few StAR (þ) cells with a remaining expression
of Nestin in the ob/ob mice (Figure 3E and Fig. S7C), indicating that
under metabolic stress, Nestin (þ) cells mobilized to migrate
centripetally and differentiate into steroidogenic cells as observed in
restraint stress.
3.7. Proliferation was not induced in pituitaries of 8-week-old
female and 10-month-old male ob/ob mice
To assess whether the number of cycling cells increased in the pitu-
itary of obese ob/obmice, we carried out immunofluorescence staining
with antibodies against Ki67. We did not observe any difference in the
percentage of Ki67(þ) cells. Nestin (þ) pituitary progenitors might
represent a subpopulation of SOX2 (þ) stem cells, which also reside in
the anterior lobe and play an important role in long-term physiological
maintenance of the adult pituitary gland [33]. Hence, to assess the
number of cycling cells among the stem/progenitor compartment, we
performed double immunofluorescence staining for SOX2 and Ki67.
Only a minor number of SOX2 (þ) cells were double positive for Ki67
(Figure 3F,G). Similarly, we did not observe any differences in cycling
cells in older ob/ob animals. Moreover, the appearance and localization
of SOX2 (þ) cells were unchanged (Figure 4A,B).
3.8. Severe obesity in 10-month-old ob/ob mice was associated
with changes in gene expression and morphological aspects in the
adrenal gland
In the 10-month-old male ob/obmice, we did not observe any changes
in gene expression associated with stem/progenitor cells in the adrenal
gland (Figure 4C). However, in contrast to young female ob/ob mice,
mRNA levels of Star, Cyp11b2, and Rgs4 decreased, while the
expression of Cyp11b1 and Mc2r increased (Figure 4D). Gene
expression of Nr5a1 and Cyp11a1 did not change significantly. In the
hypothalamus, the amount of Crh increased in ob/ob mice, contrary to
the young ob/ob model (Figure 4E). Morphological analyses revealed
an enlargement of the adrenal cortex in ob/ob mice, which was
essentially due to the expansion of the zF (Figure 4F,G).
3.9. Genes involved in energy balance were similarly regulated by
different chronic stress models
We did not observe any alterations in the gene expression of stem/
progenitor cell markers in our animal models for metabolic stress.
However, as we observed a weight increase and pre-diabetes in both
ob/ob and HFD models, we explored the expression of genes involved
in appetite regulation and determine how their expression compares to
other forms of stress, such as a restraint stress model, in which we
previously observed increased differentiation of progenitors (Figure 5A)
[38].
The appetite-regulating factors AgRP and NPY are not only expressed
in the hypothalamus, but also by chromaffin cells in the adrenal me-
dulla [56]. Therefore, we assessed the expression of these genes in the
hypothalamus and adrenal gland during metabolic and restraint stress.
In the hypothalamus, we observed similar gene expression patterns of
Agrp and Npy among our different stress models. The expression of
Npy and Agrp was unchanged in young female ob/ob mice, whereas
the expression of Npy and Agrp increased in the 10-month-old male
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ob/ob mice (Figure 5B). Both Npy and Agrp had elevated expression
levels after 12 weeks on a HFD, although these did not reach signif-
icance (Figure 5B). A significant elevation of Npy and Agrp was
observed in the hypothalamus in a restraint stress model, in which 8-
week-old male C57BL/6 N mice were restrained for 2 h per day for six
consecutive days (Figure 5C).
In the adrenals of young female ob/ob mice, the expression of Npy
decreased compared to control animals, whereas no significant dif-
ference in the expression of Agrp was observed (Figure 5D). In the 10-
month-old male ob/ob mice, the expression of adrenal Agrp and Npy
was lower compared to controls (Figure 5D). In a previously described
20-week HFD model [57], the expression of Agrp and Npy in whole
adrenals also decreased significantly (Figure 5D). Restraint stress led
to a significant decrease in the expression of Agrp, while the
expression of Npy was unaltered in the adrenal (Figure 5E).
4. DISCUSSION
In the present study, we have shown that in vitro stimulation with
insulin altered the growth and differentiation behavior of Nestin (þ)
cells in both the adrenal cortex and anterior lobe of the pituitary gland.
We used concentrations of insulin that were very high compared to
physiological concentrations [58] as it was previously shown for neural
stem cells that to reactivate these from quiescence high local
concentrations of insulin or insulin-like growth factors (IGFs) are
required [59]. Furthermore, the concentrations we used are those
typically used in culture media to grow neurospheres [60]. The same is
the case for leptin, where the concentrations in culture media are
typically higher than physiological concentrations [61,62]. This also fits
with our observations in vitro, in which we did not observe any effect
on pituitary stem cells at low (physiological) concentrations of insulin or
leptin. At physiological concentrations, insulin activates the insulin
receptor, leading to the activation of the PI3K/Akt pathway. At higher
concentrations, signaling can also act via IGF receptors [58], sug-
gesting that in our study, signaling was via IGF receptors instead of
insulin receptors. For example, hippocampal astrocytes produce IGF-1,
which promotes neural stem cell (NSC) proliferation in mammalian
adult brains [63,64]. IGF-1 is also expressed in neurons and NSCs, and
during neurogenesis, its expression in the brain is much higher than in
the systemic circulation [59].
At the transcriptomic level, we did not observe any changes in the
expression of Nes in the proliferation cultures. However, lineage
tracing revealed that adrenocortical Nestin (þ) cells showed an
enhanced differentiation into particularly zG cells in the presence of
insulin (Figure 6). During the differentiation of adrenocortical pro-
genitors, steroidogenesis augmented as a dramatic increase in adrenal
steroids, especially aldosterone, was observed after the addition of
insulin. This might suggest a direct link between obesity/T2D and
Figure 4: Diabetic 10-month-old ob/ob males show functional and morphological changes in the endocrine stress axis. (A) Immunostaining of SOX2 and Ki67 in the
anterior pituitary and (B) quantification of Ki67(þ) cells. Scale bars, 100 mm. Representative images are shown. (C) qRT-PCR analysis showing the relative expression of various
stem cell/progenitor markers and (D) steroidogenic markers plus ACTH receptor in the adrenal gland. P ¼ 0.0257, 0.0001, 0.0496, 0.0002, and 0.0487 for Star, Cyp11b1,
Cyp11b2, Rgs4, and Mc2r expression for ob/ob vs control. Data were analyzed by unpaired two-sided t-tests. (E) qRT-PCR analysis of the relative expression of Crh in the
hypothalamus. P ¼ 0.0251 for Crh for ob/ob vs control. Data were analyzed by unpaired two-sided t-tests. (F) Immunofluorescence staining for biotin and RGS4. Background
staining appears in the adrenal medulla of RGS4 staining. Scale bars, 200 mm. Representative images are shown. (G) Zonation analysis showing the adrenal proportion of zG, zF,
and adrenal medulla. Data were analyzed by two-way ANOVA and Bonferroni’s post-test. Data in B-E and G are presented as mean  SEM (n ¼ 6, biological replicates). *P < 0.05
and ***P < 0.001.
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hypertension. Human adipocytes have also been shown to secrete
potent mineralocorticoid-releasing factors [65], indicating an additional
connection between obesity and hypertension. Moreover, Nestin (þ)
pituitary cells and their progeny featured an enhanced production of
ACTH in the presence of insulin, suggesting that different endocrine
progenitor subpopulations are susceptible to metabolic stress. This
was supported by the fact that in Nestin (þ) NSCs, the differentiation
fate was affected by streptozotocin, a compound causing insulin
resistance [66]. Furthermore, insulin itself has been shown to regulate
proliferation and differentiation in NSCs [60]. Leptin has previously
been shown to affect the development of murine embryonic stem cells
in vitro [67]. However, as in the adrenal NCIeH295 tumor cell line and
primary adrenal cells [68], we did not observe any significant effects of
leptin on endocrine pituitary or adrenocortical progenitors.
A T2D model that has been widely studied is ob/ob mice (leptin
deficiency), as their morbid obesity and T2D are similar to those
observed in humans, making them a good model without any inter-
fering factors [69]. Although their primary phenotype is obesity, these
mice also display insulin resistance and some degree of dyslipidemia,
so can be considered a reliable and standardized model of metabolic
syndrome [70]. Various studies suggest the concept of sexual- and
age-related dimorphism in diabetic/obese mice presenting higher
susceptibility to metabolic dysfunction in males [70e73]. However,
hyperactivity of the HPA axis appears to be most pronounced in ob/ob
females [53]. Our observations consistently indicated HPA axis
hyperactivation already observed in 8-week-old female ob/ob mice,
since all of the steroidogenic genes were upregulated in these animals.
Conversely, in the severely diseased 10-month-old obese mice, a
downregulation of Star and Cyp11b2 was detected. We inconsistently
observed an expansion of the adrenal cortex after 10 months of
progressive obesity. A possible explanation might be chronic inflam-
mation, which typically accompanies symptoms of obesity, especially
in long-lasting manifestations [74,75]. Thereby, lipid accumulation and
the release of various factors including cytokines, peptides, and
neurotransmitters might be responsible for the downregulation of
steroidogenic genes in old mice [23,24].
Both our systems were chronic stress models running over several
months. This might explain why we did not observe any significant
changes in the gene expression of stem/progenitor cells at the end of
the experiments. This was supported by our previous restraint stress
studies, in which we observed an extended proliferation of progenitors
in short stress experiments, but after a resting period, homeostasis
was re-achieved [38,43]. To reveal clear differences at the stem cell
level, an acute metabolic stress experiment would be recommended,
although not possible in an obesity model. Another possibility would be
to use tamoxifen-inducible Cre lineage-tracing mice in obesity models
to follow stem and progenitor cells. However, in our experience in the
current and previous studies, it was difficult to achieve full recombi-
nation both in vitro and in vivo [38].
In general, stress is defined as a challenge to an individual’s ho-
meostasis [34]. The bidirectional interplay between obesity as a
form of stress and altered HPA function during the development of
obesity makes it difficult to diagnose a cause or consequence.
Stress affects the eating behavior of rodents and humans, sug-
gesting that the regulation of energy balance and stress response is
a coupled physiological process. Long-lasting satiety signals such
as insulin and leptin usually act to decrease AgRP in the hypo-
thalamus. Nevertheless, hypothalamic AgRP can also be upregu-
lated in leptin-deficient mice irrespective of fasting [76], which we
also observed in the 10-month-old male ob/ob mice. Consistent
Figure 5: Chronic stress affects genes involved in energy balance. (A) Schematic representation of different chronic stress models. (B) qRT-PCR analysis showing the relative
expression of hypothalamic Npy and Agrp in different metabolic stress models and (C) restraint stress. P ¼ 0.0182 for Npy expression and P ¼ 0.0217 for Agrp expression for ob/
ob vs control in metabolic stress. P ¼ 0.0285 for Npy expression and P ¼ 0.0053 for Agrp expression for stress vs control in restraint stress. Data were analyzed by unpaired two-
sided t-tests. (D) qRT-PCR analysis showing the relative expression of Agrp and Npy in the adrenal glands of different metabolic stress models and (D) restraint stress. P ¼ 0.0138,
0.0343, and 0.0008 from left to right for Npy expression and P ¼ 0.0493 and 0.0331 for Agrp expression for “metabolic stress” vs control. P ¼ 0.0314 for Agrp expression for
stress vs control in restraint stress. Data were analyzed by unpaired two-sided t-tests. Data in B-E are presented as mean  SEM (n  6, biological replicates). *P < 0.05 and
**P < 0.01.
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with our restraint stress model, we ascertained higher Npy and
Agrp expression levels that consequently may lead to increased
stress-induced food intake and therefore an increased vulnerability
to developing metabolic disorders. AgRP is likely to have an
autocrine/paracrine role in the adrenal glands, with adrenal-derived
AgRP being regulated by glucocorticoids and blocking the induction
of corticosterone secretion by alpha-melanocyte-stimulating hor-
mone [77,78]. Both the 10-month-old male ob/ob mice and 20-
week HFD model showed lower expression of Npy and Agrp in
adrenal glands. Furthermore, both metabolic and restraint stress
led to an attenuated expression of Agrp in adrenal glands, sug-
gesting shared underlying adaptive stress response mechanisms.
This emphasizes the complex interplay between nutritional status in
mammals and stress hormone regulation. Not only internal
stressors, such as factors regulating feeding behavior, are capable
of shaping the endocrine stress axis, but an inverse effect also
exists. This at least in part explains the shared biology of obesity
and maladaptive processes in the endocrine stress response [79].
5. CONCLUSIONS
In conclusion, we have shown that insulin activates stem cells of the
HPA axis by enhancing their proliferation and differentiation, leading to
augmented hormone production. We have also demonstrated that
animal models of chronic metabolic stress lead to hyperactivation of
the HPA axis. We recently introduced the concept of stress-inducible
stem cells and discussed if stress affects stem/progenitor cells
through epigenetic modifications whereby they will be predisposed to
adult disease [41]. Ongoing and continuous shaping and trans-
formation of the HPA axis through the induction of subpopulations of
progenitors might then explain the influence of early life stress on
mental and metabolic illness in adulthood, which was previously re-
ported [80e83].
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